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This  report  was  prepared  for  the  Air  Force  Flight  Dynamics 
Laboratory  by  the  Flight  Systems  Division,  The  Bendix  Corporation, 
Teterboro,  New  Jersey,  under  Air  Force  Contract  No.  F33615-72-C- 
1753,  data  document  item  A005,  Glide  Path  Augmentation  with  Inertial 
Flight  Path  Angle.  This  work  was  performed  in  conjunction  with  other 
program  tasks  during  the  time  period  January  1972  through  December 
1974.  The  Air  Force  Project  Manager  was  Capt.  T.  Imrich  with  Project 
Engineers  Lt.  R.  P.  Denar o and  Lt.  B.  Kunciw. 


The  Flight  Systems  Division  effort  was  under  the  direction  of 
Mr.  F.  G.  Adams,  principal  investigator.  The  simulation  and  analysis 
task  was  conducted  by  Mr.  V.  Muehter  with  contributions  by  Mr.  K.  Moses, 
Assistant  Chief  Engineer.  Supporting  data  and  configuration  requirements 
were  supplied  by  Messrs.  J.  Woloshen,  M.  Sfor/.a  and  S.  Skaritka. 
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INTRODUCTION 


The  KC-135  development  program  has  been  primarily  concerned 
with  improvement  of  automatic  approach,  landing,  and  takeoff  performance 
through  optimization  of  the  roll  and  pitch  axis  control  loops.  The  roll  axis 
work  included  use  of  inertial  drift  angle  in  the  localizer  mode  and  during 
runway  alignment.  Test  flight  data  obtained  during  the  lateral  axis  flights 
pointed  to  a needed  improvement  in  the  stability  of  the  longitudinal  axis  in 
the  presence  of  shears  and  turbulence. 

This  study,  in  response  to  contract  item  A005,  "Inertial  Glide 
Slope  Augmentation"  was  performed  to  investigate  a conceptual  design  ap- 
proach using  inertially  derived  flight  path  angle  to  damp  the  glide  slope 
mode.  The  design  task  was  to  provide  a system  design  that  would  gradually 
reduce  the  authority  of  the  glide  path  signal  and  employ  the  flight  path  angle 
signal  for  guidance  to  the  flare  engage  point. 

An  extension  of  this  basic  study  was  to  replace  the  glide  path 
signal  with  a signal  derived  from  vertical  and  horizontal  position  data  such 
as  h and  X or  R.  This  work  is  identified  as  the  upper  segment^U/S)  por- 
tion of  the  approach  problem.  Combining  the  glide  slope  ( 2.  75  ) and  upper 
segment  ( 3°-6°)  modes  resulted  in  a typical  two  segment  approach  geometry, 
where  the  objective  was  to  accomplish  captures  of  these  upper  and  lower  seg- 
ments from  above  or  below  without  undesirable  overshoots. 
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SECTION  2 
DISCUSSION 


The  present  KC-135  glide  slope  capture  and  track  mode  utilizes  a 
fixed  beam  error  engage  point  supplemented  with  an  K damping  term  for 
track  and  an  K command  bias  to  improve  capture  performance.  This  config- 
uration and  its  development  is  described  in  report  A009  of  this  contract.  The 
use  of  K as  a damping  term  during  track  has  a tendency  to  oppose  necessary 
changes  in  sink  rate,  due  to  horizontal  wind  shears,  causing  departures  from 
the  beam. 


With  the  above  characteristics  in  mind,  the  use  of  flight  path  angle 
( y)  information  to  provide  a rate  term  for  damping  during  capture  and  track 
has  some  very  definite  advantages.  The  use  of  a beam  rate  term,  derived 
from  y,  during  capture  would  allow  the  use  of  a control  law  which  could  avoid 
overshoots  by  automatically  adjusting  the  engage  point  as  a function  of  closure 
rate  on  the  beam.  Also,  the  use  of  y (K/Vq)  as  a damping  term  during  glide 
slope  track  would  provide  beam  oscillation  damping,  as  well  as  the  K could, 
since  Vq  would  not  vary  at  those  frequencies.  However,  it  would  also  allow 
the  aircraft  to  respond  favorably  to  horizontal  wind  shears,  since  the  sink 
rate  would  be  allowed  to  vary  with  ground  speed  ( Vq)  . 

1.  Glide  Slope  Configuration 

An  exponential  control  law  was  proposed  to  accomplish  upper  and 
lower  segment  captures  without  overshoots.  For  the  lower  segment  (glide 
slope)  captures  the  control  law  used  was  € + t«  =0.  The  derivation  of  beam 
rate  from  inertial  flight  path  ( y)  and  ground  speed  information  is  shown  in 
Figure  1.  In  this  study  beam  error  was  desensitized  linearly  with  range  from 
42,  000  feet  while  the  derived  beam  rate  term  was  effectively  desensitized  by 
fixing  the  range  term  in  the  denominator  at  XG  = 42,000  feet. 

Once  the  glide  slope  (G/S)  mode  has  been  armed,  capture  is  auto- 
matically initiated  when  ( + tc  =0,  since  the  aircraft  at  that  instant  is  tan- 
gent to  the  desired  exponential  path  for  its  particular  intercept  angle.  Glide 
slope  track  is  engaged  twenty  seconds  after  a beam  error  very  close  to  zero 
has  been  attained. 

As  an  example  of  how  the  above  technique  could  be  extended  for 
control  along  any  chosen  upper  segment,  without  the  use  of  a fixed  beam,  a 
derivation  is  also  shown  in  Figure  1 where  an  effective  beam  error  is 
derived.  De sensitization  was  accomplished  by  multiplying  through  by  range 
to  effectively  obtain  altitude  error  and  rate  terms,  permitting  the  use  of  h€ 

+ t Ht  = 0,  as  a control  law,  since  beam  error  has  no  real  physical  mean- 
ing in  this  case . 
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The  resulting  two  segment  capture  and  track  configurations  studied 
are  represented  in  Figure  2.  The  portion  of  the  configuration  with  which  this 
report  is  primarily  concerned  is  the  lower  portion  designated  "G/S  Computa- 
tions". In  this  portion  it  is  shown  that  during  G/S  capture  the  control  law  is 
(«  + T2«  ) desensitized,  commanding  pitch  attitude  through  displacement  and 
integral  paths.  During  the  G/S  track  mode  the  beam  error  («  ) displacement 
loop  is  tightened  by  an  increase  in  gain,  derived  beam  rate  ( c ) is  retained 
for  damping,  and  pure  e is  fed  through  the  integrator.  The  tightening  of  the 
beam  loop  is  necessary  for  good  shear  performance. 

2.  Upper  Segment  Configuration 

The  o^. oration  of  the  upper  segment  computations  are  similar  to 
that  of  the  glide  slope  portion.  In  this  case  a gain  change  was  not  required 
in  the  displacement  loop  during  U/S  track. 

The  required  system  inputs  for  this  configuration  are  flight  path 
angle  ( y) , range  from  glide  slope  transmitter  (X),  ground  speed  ( Vq)  and 
two  pilot  selected  inputs.  The  first  of  these  two  would  establish  the  desired 
flight  path  angle  of  the  upper  segment  (y  u/s)  while  the  second  would  deter- 
mine the  range  offset  between  the  upper  segment  and  the  glide  slope  (AX, 
reference  Figure  1).  The  Asymptote  Intercept  Altitude  Indicator  is  coupled 
to  these  two  pilot  inputs  to  continuously  indicate  to  the  pilot  his  minimum 
glide  slope  engage  altitude  for  the  particular  combination  of  inputs.  The 
Upper  Segment  Engage  Point  Indicator  continuously  indicates  to  the  pilot 
whether  or  not  his  chosen  upper  segment  geometry  is  attainable  based  upon 
his  present  position  and  trajectory.  An  attainable  trajectory  would  be  indi- 
cated by  the  indicator  approaching  zero,  at  which  point  capture  would  be  in- 
itiated. An  interlock  to  the  upper  segment  engage  logic  is  included  to  pre- 
clude engagement  of  an  upper  segment  capture  when  the  aircraft  is  already 
below  the  glide  slope  beam. 

Figure  3 depicts  the  glide  slope  capture  and  track  performance 
attainable  with  the  proposed  configuration.  Captures  were  performed  from 
below  at  a maximum  intercept  angle  from  horizontal  flight  at  1500  feet,  un- 
der no  wind  and  various  head  and  tail  wind  shear  conditions.  Comparison 
of  these  responses  can  readily  be  made  with  the  track  characteristics  of  the 
presently  used  h system  by  comparing  Figure  3 to  Figure  4.  It  was  found 
that  the  proposed  system  offers  considerably  better  track  characteristics 
in  heavy  shears.  Improved  damping  in  the  presence  of  tail  winds  is  also 
evident. 


The  glide  slope  capture  and  track  performance  of  the  proposed 
system  under  FAA  specified  turbulence  levels  and  various  wind  conditions 
is  shown  in  Figure  5.  The  system  has  demonstrated  good  tracking  capabil- 
ities under  all  of  these  conditions. 
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CK  RESPONSE  ( PREVIOUS  £ CONFIGURATION) 


FIGURE  5.  GLIDE  SLOPE  TURBULENCE  RESPONSE 


Figures  6 through  11  show  the  root  loci  of  the  glide  slope  capture 
and  track  modes  at  typical  altitudes  of  1200  feet  and  400  feet  respectively. 
Loci  are  plotted  for  variations  in  forward  loop  integrator  gain,  displacement 
gain  and  control  law  time  constant.  These  loci  demonstrate  the  stability  of 
the  capture  and  track  modes  and  their  sensitivity  to  variations  of  the  above 
parameters.  In  some  cases  the  loci  suggest  a possibility  for  further  im- 
provement in  stability,  although  all  nominal  gain  margins  do  appear  adequate. 
It  must  be  remembered,  however,  that  the  system' s time  response  is  also 
a criterion  and  often  a compromise  must  be  made  in  the  choice  of  various 
parameter  gains. 

Figures  12  and  13  depict  the  upper  segment  captures  from  below 
and  above,  upper  segment  track  to  intercept  glide  slope  at  1000  feet  altitude 
and  glide  slope  capture  and  track,  under  various  wind  conditions.  In  gen- 
eral the  glide  slope  captures  from  above  appear  satisfactory.  The  upper 
segment  capture  and  track  from  below  also  appear  satisfactory,  tracking 
the  upper  segment  within  30  feet.  The  upper  segment  captures  from  above 
could  possibly  be  improved  by  fine  tuning.  A 100  foot  undershoot  does  oc- 
cur, although  this  does  not  seem  too  extensive  considering  the  altitudes  at 
which  it  would  occur. 

Figures  14  and  15  show  upper  segment  captures  close  in  and  far 
out  ( segment  intercepts  of  500  and  1500  feet  altitude)  respectively,  under 
various  wind  conditions.  All  cases  demonstrated  very  little  upper  segment 
errors.  The  close  in  glide  slope  capture  and  track  did  display  a slight  in- 
crease in  beam  deviation.  This  area  may  also  be  subject  to  refinement  in 
the  near  future. 

Root  loci  demonstrating  the  stability  and  sensitivity  to  parameter 
variation  of  the  upper  segment  capture  and  track  modes  are  shown  in  Fig- 
ures 16  through  21.  As  was  the  case  in  the  glide  slope  root  loci,  the  plots 
do  demonstrate  adequate  gain  margins  for  all  parameters  investigated. 


FIGURE  7.  GLIDE  SLOPE  CAPTURE 
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FIGURE  12.  TWO  SEGMENT  CAPTURE  AND  TRACK  ( INITIA  L INTERCE  PT  FROM  BELOW 
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FIGURE  13.  TWO  SEGMENT  CAPTURE  AND  TRACK  ( INITIAL  INTERCEPT  FROM  ABOVE) 
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FIGURE  14.  TWO  SEGMENT  CAPTURE  AND  TRACK  ( CLOSE  IN) 
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FIGURE  15.  TWO  SEGMENT  CAPTURE  AND  TRACK  ( FAR  OUT) 
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SECTION  3 

DEVELOPMENT  OF  SIMULATION 


The  following  perturbation  equations  were  used  to  simulate  the 
three  degree  of  freedom  longitudinal  axis. 

0 = M w + M.  w + MQ  + M u + M 6T  + Mc  6e  + MH  + Mc  6s 

w w m u 6T  6e  H 6s 

w = z w + Z . w + ( v+z  ) e + z u + Zc  6e  + z H 
w w q u 6e  H 

1 = -g0tXwt*uutX(.T6TH-x6e6«txHH 

Parameters  are  defined  in  Table  1. 

The  horizontal  stabilizer,  denoted  above  by  6 , was  simulated 
with  a time  rate  of  0.  15  degrees  of  surface  per  second.  S It  was  engaged 
whenever  elevator  deflection  exceeded  1.  5 degrees.  The  effectiveness  of 
the  stabilizer  in  producing  a pitching  moment  was  taken  to  be  three  times 
that  of  the  elevator. 

The  twelve  flight  conditions  at  which  existing  aero  data  was  de- 
rived are  not  representative  of  the  gross  weight  to  airspeed  ratio  that  is 
currently  being  flown  on  approach.  For  this  reason,  a new  flight  condition 
was  developed  with  a gross  weight  of  160,  000  pounds  and  airspeed  of  155 
knots.  Table  1 shows  the  dimensional  stability  derivatives  obtained  from 
Wright  Field  for  Flight  Condition  2 defined  with  the  same  gross  weight  men- 
tioned above,  but  an  airspeed  of  140  knots.  The  values  for  derivatives  in 
the  new  flight  condition  were  obtained  by  multiplying  by  the  appropriate  fac- 
tor, 155/140  or  ( 155/149)  2 as  shown  in  the  table.  For  uniformity,  this 
flight  condition  was  simulated  throughout  the  longitudinal  study. 

Winds  simulated  on  the  glide  slope  were  constant  until  an  altitude 
of  500  feet  at  which  point  they  were  steadily  sheared  to  zero  at  zero 
altitude. 


All  quantities  other  than  altitude  and  beam  error  are  perturbation 
quantities  whose  values  are  zero  at  glide  slope  engage.  The  trim  values  of 
pitch  attitude  and  angle -of-attack  prior  to  glide  slope  will  vary  with  condi- 
tions and  must  be  added  to  the  quantities  shown  here. 
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FIGURE  14.  LONGITUDINAL  DIMENSIONAL  STABILITY  DERIVATIVES 


m 


Parameter 

Definition 

Value  at  Flight 
Condition  2 

Value  this 
Flight  Condition 

zu 

-psV 

m 

(CL+CLU) 

272 

302 

Z6e 

-psV2 

2m 

^e 

7.  46 

9.  23 

ZH 

-psV2 

2m 

acl 

-5.  113 

Xw  ' 

psV 

2m 

(Cl-cdJ 

. 0647 

.0719 

Xu 

-ps  V 

m 

(CD+CDu) 

0426 

-.  0474 

X6T 

m 

. 2013  x 10"3 

. 2013  x 10"3 

X6e 

-ps  v2 
2m 

C°6e 

1.49 

1.  84 

XH 

-ps  V2 
2m 

acd 

1.  812 

M6s 

3MSe 

3.  372 

4.  170 
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SECTION  4 


CONCLUSION 


This  study  has  investigated  a design  approach  using  inertial 
flight  path  information  as  a damping  term  during  glide  slope  capture  and 
track.  A comparison  was  made  between  it  and  the  present  system  using 
sink  rate  as  the  damping  term  during  track. 

• 

The  flight  path  angle  damped  system  with  its  exponential  cap- 
ture can  be  used  under  a wide  range  of  intercept  and  wind  conditions 
without  the  customary  beam  overshoot.  In  addition  a significant  improve- 
ment in  the  aircraft'  s ability  to  track  the  glide  slope  beam  in  heavy  wind 
shears  and  turbulence  is  evident. 

The  feasibility  of  extending  the  above  capture  and  damping 
technique  to  control  an  aircraft  along  a pilot  selected  upper  segment,  to 
intercept  the  glide  slope,  was  also  demonstrated.  The  conformance  to  a 
preselected  path  in  space  was  computed  through  the  use  of  range  and  alti- 
tude information  in  the  absence  of  a fixed  beam. 


